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We study experimentally a round Jet In CrossFlow (JICF) at low values of the jet-
to-crossflow velocity ratio R using instantaneous and time-averaged three-dimensions
three-components (3D3C) velocimetry. The difference between instantaneous and
time-averaged swirling structures of the JICF is emphasized. Through the analysis
of spatial distribution of instantaneous transverse and longitudinal vortices the main
transitions of the JICF are characterized for 0.15 < R < 2.2. A new transition at
very low velocity ratio is found (R < 0.3). When R is large enough (R > 1.25), the
classic JICF topology is recovered. In between, a deformation of the classical JICF
topology is observed consisting in a progressive disappearance of the leading-edge
vortices, a bending of the jet trajectory and thus a strengthened interaction with the
boundary layer. toward the wall.
Thanks to a state-of-the-art review on the JICF topology and using visualizations
of the flow structures extracted from our experimental volumetric velocimetry mea-
surements, this article provides a complete transition scenario of the JICF topology
from the high velocity ratios to the lowest ones, and gives the topological transition
threshold associated with each kind of vortex.
a)tristan.cambonie@espci.fr
b)aider@pmmh.espci.fr
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I. INTRODUCTION
Jets In CrossFlow (JICF) are used in many industrial processes such as film cooling, fuel
injection and flow control. This flow has been studied for several decades and continues to be
an active subject of research for many experimental or numerical research teams. Reviews
on the subject can be found in Karagozian 24 , Margason and Tso 31 .
Because the jet penetrates the crossflow, and then becomes an obstacle for it, the JICF
topology is mainly governed by the competition between the jet momentum and the crossflow
momentum. When studying a JICF one of the key parameters is then the momentum flux
ratio, defined as J = ρjV 2j /ρ∞V 2∞ where ρj and Vj are respectively the jet density and mean
velocity while ρ∞ and V∞ are the free stream density and crossflow bulk velocity. If the jet
and free stream fluid densities are equal (ρ∞ = ρj), the momentum flux ratio becomes a
velocity ratio R =
√
(J) = Vj/V∞. A recent study11 has proposed a more accurate definition
of the momentum ratio and proved its relevance to study the jet counter-rotating vortex pair
trajectories.
The interaction between the jet and the crossflow leads to a complex three-dimensional
and highly unsteady flow made of multiple shear-layers and numerous intricated vortical
structures in close interaction with each other. As a result, the study of the JICF topologies
(time-averaged in Fig. 1a and instantaneous in Fig. 1b) and their transition thresholds is still
an active research field. A lot of studies focused on the high velocity ratios, considered as
the classical JICF topology. In this case the interactions between the jet and the boundary
layer are weak and therefore in most cases negligible. The main vortical structures involved
in this type of flow configuration are the counter-rotating vortex pair, the leading-edge and
trailing-edge vortices, the horseshoe vortex, the hovering vortex or inner vortex and the
wake vortices.
The Counter-Rotating Vortex Pair or CRVP (Fig. 1a) is usually considered to be the
main vortical feature of the time-averaged JICF topology and considerable attention has
been devoted to its study27,47, and in particular its formation17,27,30,38.
To the author’s knowledge there are no recorded cases of a circular JICF configuration
in which the CRVP is not present. Moreover the CRVP is the only structure of the mean
field remaining far from the injection site, sometimes persisting as far as a thousand jet
diameters as shown by Keffer and Baines 25 . It originates from a folding of the jet body and
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a)
b)
FIG. 1. a) Classical time-averaged topology of the high-velocity-ratio round JICF. b) Instantaneous
topology of the high-velocity-ratio round JICF
shear-layers near the base of the jet as it is shown in Fig. 1a and 1b. This folding of the jet
upstream shear-layer gets vorticity from the arms of the hovering vortex.
The Hovering Vortex (HoV) is a junction flow vortex present in both topologies (Fig. 1)
3
which is wrapped around around the jet base. At high R, this vortex is located between the
horseshoe vortex and the jet base upstream the jet26,27,33. At low R, the hovering vortex is
pushed back inside the jet pipe and for this reason has been called Inner Vortex by Bidan
and Nikitopoulos 5 .
The CRVP has been extensively studied : mixing rate7,23,37,48, circulation decay7,21,48,
vortex cores trajectory11, jet spreading18. The auto-induction between the CRVP branches
(Fig. 1a) have an important impact on the jet trajectory straightening. It also creates a
vertical aspiration which lifts up the boundary layer27,35,39 as well as the quasi-streamwise
wall vortices forming the wake vortices19,27 (Fig. 1b). This entrainement strongly contributes
to the mixing of matter and energy in the transversal planes17,36,47,51. This is the reason why
the JICF is of great practical interest for industrial applications where it can be used, for
instance, to increase the mixing or to force the transition in a boundary layer. Although the
CRVP has been historically defined has a vortex of the time-averaged velocity field1,7,16,17,19,23
it is considered also by some studies12,27 as an instantaneous vortical structure which breaks
down a few diameter after the jet injection27,39.
The HorseShoe Vortex (HSV) is present in both time-averaged and instantaneous topolo-
gies (Fig. 1a,b). It comes from the roll-up of the boundary layer and wraps around the base
of the jet while being stretched by the cross-flow. It is therefore intrinsically linked to the
junction flow46 created just upstream the jet3,26,28. Among the JICF vortical structures, it
can be put in the category of the wall vortices, which originates from the wall boundary
layer vorticity and are generated due to the jet presence.
The wake vortices19,34,47 also called upright vortices (Fig. 1b) are also wall vortices. De-
spite the similitude with a von Kármán alley, it has been proven by Fric and Roshko 19
that these tornado-like structures are not related to a von Kármán instability. They orig-
inate from foldings of the boundary layer that are lifted up by the aspiration induced by
the CRVP5,19. Therefore, the wake vortices only exist in a limited velocity ratio range19,27
(2 < R < 10), when the CRVP trajectory is altogether high enough for these structures to
develop and close enough from the boundary layer for them to be lifted up by the CRVP.
The shear-layer vortices are the fundamental vortical structures of the instantaneous JICF
topology. They consists of a system of intricate loop vortices located along the shear layers
on both sides of the jet30,39. Their legs and arms are entangled together in the region which
becomes the CRVP in the time-averaged velocity field.
4
The Leading-Edge Vortices (LEV) are created from the upstream shear-layer while the
Trailing-Edge Vortices (TEV) (also called Lee-side vortices by New et al. 39) develop from
the downstream shear-layer. At high R, the LEVs and TEVs are created by the Kelvin-
Helmholtz instability. For a long time, their topology was assumed to be ring-like, similar
to the ring shear-layer vortices of the free jet or the ring structures of the pulsed round jet.
This misinterpretation of the JICF topology, still very common nowadays, have been spread
by many reference articles12,16,17,19,27 and consolidated by decades of 2D measurements and
visualizations in the symmetry plane where such ring-like topology is plausible. Nevertheless,
it has been since proved that pulsed and steady jet topologies as well as free jet and steady
JICF topologies are fundamentally different. Lim et al. 30 have shown that the steady JICF
topology at high velocity ratios is not organized in ring shear-layer vortices but in loop
vortices located on both sides of the jet: the LEVs and TEVs (Fig. 1b and 6). It explains why
the LEVs and TEVs can be asynchrone as in the case of intermediate or low velocity ratios
when the TEV’s swirling strength stays strong while the LEVs are weak or non existent.
Lim et al. 30 have also shown an experimental example where the downstream shear layer
does not develop a Kelvin-Helmholtz instability and where only LEVs are present. Numerical
simulations by Marzouk and Ghoniem 32 have provided an insightful explanation of the LEVs
and TEVs formation. It explains how rings of fluid particles (which is not the same than
vorticity rings) are deformed to adopt LEV or TEV shapes, offering an interesting link with
the more classical and misinterpreted ring-like topology.
The Recirculation Vortices (RcV) develop on the shear layer on the downstream side
of the low velocity area located just behind the jet, considered as the recirculation area.
They form a few diameters after the jet exit and are there convected downstream by the jet
entrainment.
Surprisingly, most of the studies dedicated to the round steady JICF with a straight in-
jection pipe focused on the high velocity ratios. Only a few articles1,5,20,22,33,43 show results
for a round straight (jet axis perpendicular to the wall) JICF for R < 1.5. Except two
articles5,22, only one or two different velocity ratios below R = 2 are investigated in each
study which is insufficient to really evaluate the influence of the velocity ratio on the JICF
topology. To our knowledge, until now, there has been no systematic and extensive exper-
imental study for low velocity ratios performed with the same experimental setup. Based
on a numerical study and the stability theory, Ilak et al. 22 proposed a transition scenario
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of the JICF topology at low velocity ratio. For the lowest velocity ratios, they observe a
steady counter rotating vortex pair whose destabilization at higher R leads to the formation
of the hairpin. Recently, Bidan and Nikitopoulos 5 have used numerical simulations and
experiments to propose another scenario. It is based on the horseshoe vortex and inner
vortex destabilization and shedding to qualify the flow state as attached, transitional or
fully detached. Both scenarii are discussed and compared with the present study in the final
section of this article.
A few transitions of the jet and of its vortices have already been documented in the liter-
ature. A transition of the jet shear-layer from convectively unstable to absolutely unstable
has been shown to exist18,33 around R ≈ 3 ∼ 3.5. Using a different approach, Camussi
et al. 12 also have detected around R ≈ 3 a transition of the properties of the jet shear-layer
vortices. At R = 2.5, the wake vortices starts appearing in the numerical simulations of
Bagheri et al. 2 . At R = 2.25, an elliptic instability of the CRVP is also observed on their
simulations. Between 0.65 < R < 0.675, the numerical simulations of Ilak et al. 22 show an
Hopf bifurcation transition between a steady state and an unstable state. This result will
be thoroughly discussed in the following. In the study of Bidan and Nikitopoulos 5 other
transitions of the low velocity ratio JICF have been found. At R = 0.225, the horseshoe
vortex (HSV) starts to shed. At R = 0.275, the shedding of the inner vortex (low velocity
ratio hovering vortex) is the marker of the end of the attached jet regime. At R = 0.6,
Bidan and Nikitopoulos 5 define the beginning of the fully detached JICF regime by the
stabilization of the HSV at the jet base. Between the attached and fully detached regime,
an inversion of preeminence of the wall vortices and the shear layer vortices is observed at
R = 0.425. The transition scenario proposed by Bidan and Nikitopoulos 5 will be more
detailed and discussed later in this article.
In view of a state-of-the-art review on the JICF topology and using visualizations of the
vortices extracted from experimental volumetric velocimetry measurements, this study aims
at providing a complete transition scenario of the JICF topology from the high velocity
ratios to the lowest ones. After detailing the experimental setup and methods in section 2,
time-averaged and instantaneous isosurfaces are shown in section 3 and used for describing
the transition of the JICF topologies. In the fourth part of this article, the statistical spatial
distributions of instantaneous vortices in the symmetry plane and in the transverse planes
are used as another way to evaluate the topology transition based on instantaneous vortices.
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Both parts confirm the existence of a very low velocity ratio transition of the JICF topology
which is exposed in section 5 and compared to the more recent studies found in the literature.
Finally, a complete transition scenario of the JICF topology is presented in the last part of
this article. It integrates both our results and other studies results and gives the topological
transition threshold associated with each kind of vortical structures (LEV, HSV, HoV).
II. EXPERIMENTAL FACILITIES AND VOLUMETRIC VELOCIMETRY
TECHNIQUE
A. Hydrodynamic channel
The experiments were carried out in a low-speed hydrodynamic channel in which the flow
is driven by gravity. A divergent part, two honeycombs and a convergent section reduce the
free-stream turbulence and suppress undesired large structures. The test section is 80 cm
long with a rectangular cross section 15 cm wide and 10 cm high (Fig. 2). Altuglas walls
allow for easy optical access from any direction. A custom made plate with a NACA0020
leading-edge profile is used to start the crossflow boundary layer. For our range of crossflow
velocities U∞, the boundary layer thickness δ varies from 1 to 2.5 cm (Table I).
FIG. 2. Sketch of the experimental setup
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B. Geometrical and physical parameters
The jet supply system was custom made to allow for an easy change of jet nozzle geometry.
Water enters a plenum and goes through a volume of glass beads designed to homogenize the
incoming flow. The flow then goes through a removable plate in which one can design the
desired jet nozzle geometry. In the following, we focus on cylindrical nozzles with different
diameters d. The jet axis is normal to the flow. The jet exit is located 42 cm downstream
the leading edge of the flat plate. By convention, the crossflow always goes from left to right
in the 2D representations and in the x > 0 direction in the 3D representations.
The mean vertical jet velocity V¯j ranges between 1.17 to 8.8 cm.s−1, the crossflow velocity
U∞ between 0.9 and 17.7 cm.s−1. It leads to velocity ratios R = V¯j/U∞ ranging between
0.16 to 2.13. An extensive experimental study over more than 20 different experiments
ranging from R = 0.16 to R = 2.13 has been carried out. We also define the crossflow
Reynolds number Re∞ = U∞ · δ/ν and the jet Reynolds number Rejet = V¯j · d/ν which
range respectively between 307 < Re∞ < 1820 and 94 < Rejet < 704.
1000 instantaneous velocity fields are recorded for each configuration to retrieve the sta-
tistical properties of the instantaneous velocity fields and to ensure statistical convergence
of the time-averaged velocity fields. Table I presents all the parameters (velocity ratios,
Reynolds numbers, diameters, boundary layer thicknesses and transition parameters) of the
experiments shown in Fig. 10, 20, 19. For the particular experiments shown in the Fig. 3, 4,
5, 9, 12, 13, 15, the free-stream velocity U∞ has been fixed to U∞ = 6.55± 0.05 cm.s−1 for
the lower velocity ratios (R={0.16, 0.34, 0.55, 1.16, 1.34}), where the interaction between
the jet and the boundary layer is important. The other physical parameters of interest can
be found in Table I. The higher velocity ratio cases (R={1.71, 2.13}) come from another set
of experiments and correspond respectively to U∞ = 2.56 and 1.65 cm.s−1. In these cases,
the jet has a very low interaction with the boundary layer.
C. 3D Particle Tracking Velocimetry measurements
3D defocusing digital particle image velocimetry (3D-DDPIV) measurements have been
performed using a system designed by TSI (Volumetric 3-components Velocimetry system,
V3V) on the basis of the work of Pereira and Gharib 40 , Pereira et al. 41,42 . In a first step,
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Exp 1 2 3 4 5 6 7 8 9 10 11 12
d (mm) 8 8 8 8 8 8 8 8 8 8 8 8
δ (mm) 10.3 12.35 15.02 16.35 19.02 22.83 13.98 13.69 13.61 12.15 14.69 13.28
Re∞ 1820 1160 840 675 504 422 921 901 890 792 961 843
Rejet 259 259 259 266 274 292 94 182 290 471 608 704
R 0.18 0.39 0.58 0.81 1.29 1.98 0.16 0.34 0.55 0.9 1.16 1.39
SJ 0.14 0.25 0.31 0.40 0.45 0.83 0.09 0.20 0.32 0.53 0.62 0.84
Exp 13 14 15 16 17 18 19 20 21 22 23
d (mm) 10 10 10 10 10 10 10 10 10 10 10
δ (mm) 16.35 18.29 12.12 14.42 16.96 12.21 14.74 17.46 12.53 14.88 16.73
Re∞ 419 307 1591 962 550 1596 979 569 1645 988 540
Rejet 438 359 640 640 640 640 640 640 640 640 640
R 1.71 2.13 0.49 0.96 1.97 0.49 0.96 1.96 0.49 0.96 1.98
SJ 1.04 1.16 0.40 0.67 1.16 0.40 0.65 1.12 0.39 0.64 1.19
TABLE I. Diameters, boundary layer thicknesses, jet and crossflow Reynolds numbers, velocity
ratios, and transition parameters SJ of the experiments shown on Fig. 10, 20, 19. Like in Fig. 10,
20, 19, the particular experiments shown in this article in the Fig. 3, 4, 5, 9, 12, 13, 15 are marked
in green.
the intensity peaks corresponding to each particles are detected in each camera frame for
each time step. Then, using a spatial calibration, the triplets of 2D particle coordinates are
used to reconstruct for each time step a 3D field of particle positions. A particle tracking
step, between t and t+dt, leads to the instantaneous raw velocity field. Finally, a last step
interpolates this raw velocity field on a grid in order to be able to use classical visualization
tools and more generally to post-process the data. More details can be found in Cambonie
and Aider 10 , Pereira and Gharib 40 . The set-up was designed and the physical parameters
were chosen to optimize the quality of the instantaneous velocity fields, using previous
work8–10. The flow is seeded with 50 µm particles, with a visual concentration of 5.10−2
particles per pixel10. The flow is illuminated through an illumination mask located on the
upper wall (Fig. 2) and the particles are tracked in the volume using three cameras facing
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the side wall. The three cameras of this system are 4 MP double-framed with a 12 bit
output. Volumetric illumination is generated using a 200 mJ pulsed Nd:YAG laser and two
perpendicular cylindrical lenses. Synchronization is ensured by a TSI synchronizer. The
measurement volume is 14×6×3 cm3 and is homogeneously illuminated. 4 mm voxels and a
75 % overlap lead to interpolation grid with one velocity vector per millimeter for both the
instantaneous and time-averaged velocity fields.
D. Analysis of the 3D velocity fields using the λCi criterion
Instantaneous and time-averaged swirling structures of the flow are visualized using iso-
surfaces of λCi which is a detection criterion of swirling structures initially proposed by Zhou
et al. 50 and improved by Chakraborty et al. 13,14 . This criterion is in reality twofold, based
on the complex eigenvalues of the gradient velocity tensor D = −→∇−→u . D is diagonalized to
retrieve the real eigenvalue λr which quantify the strain value in the main strain direction,
and the complex eigenvalues λcr±λci which quantifies the fluid motion in the main rotation
plane. The set of criteria consists in (i): λci ≥ 1 and (ii): λcrλci ≤ 2. The first criterion is
related to the swirling strength of the vortex. T = 2pi
λci
measures the period of rotation of a
fluid particle around the vortex core. The second criterion measures the compactness of the
spiraling orbits. λcr
λci
= 0 corresponds to a closed orbit in the swirling plane, while λcr
λci
> 0
indicates an outward spiral and λcr
λci
< 0 corresponds to an inward spiral.
The parameters 1 and 2 have to be chosen with respect to the relevant time and length
scales of the physical problem considered. This criterion is appropriate for a JICF: it cap-
tures only the swirling strength of the rotating fluid motion and does not take into account
any contributions from surrounding shear, which proves to be necessary when vortices grow
inside a boundary layer.
The same definition is applied to the 2D gradient velocity tensors to define similar criteria
λCi X , λCi Y and λCi Z which only detect swirling motions respectively along the X, Y and Z
directions15. While the 3D criterion λ3D Ci can be seen as a swirling magnitude, necessarily
positive or null, the 2D criteria λCi X,Y or Z have been associated with the local sign of the
fluctuating vorticity in order to discriminate clockwise from anti-clockwise vortices.
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III. QUALITATIVE OVERVIEW OF THE TIME-AVERAGED AND
INSTANTANEOUS COHERENT STRUCTURES OF THE JICF FOR
0.15 < R < 2.2
A. Time-averaged structures
Figure 3 shows the swirling structures in the mean velocity field using isosurfaces of
λCi = 1.5 s−1 colored by λCi X , the longitudinal swirl. For each velocity ratio, the well-known
Counter-Rotating Vortex Pair (CRVP) is visualized. For velocity ratios from R = 1.71 to
R = 0.55, two other structures can be noticed. The first one, the horseshoe vortex27, wraps
upstream the jet exit around the base of the jet. This vortex originates from the junction
flow46 between the jet and the crossflow, and is then intrinsically related to the obstacle
made by the jet for the crossflow. The second one, a bridge of λCi connecting the positive
and negative branches of the CRVP, is due to the strong swirling motion along the Z axis of
the recirculation area behind the jet. The CRVP is the only swirling structure which subsists
at the lowest velocity ratio R= 0.16. For R = 0.16, the horseshoe and recirculation vortices
disappear and can not be found even by lowering the λCi isosurface value. The CRVP is the
main swirling structure of the time-averaged velocity field. It is a robust structure present
for all velocity ratios. Its trajectory lowers when the velocity ratio is decreased10.
On Fig. 4, isosurfaces of vorticity magnitude |ω| show the whole time-averaged jet topol-
ogy with both swirl and shear. Because the vorticity magnitude includes the transversal
shear, the boundary layer and its deformation due to the presence of the jet can be clearly
seen. At high velocity ratios, the jet deeply penetrates into the crossflow resulting into a
strong shear between the jet and the crossflow. With respect to the crossflow orientation,
one can define an upstream and a downstream shear-layer. The isosurfaces of Fig. 4 are col-
ored by the transversal vorticity ωZ to easily distinguish the upstream from the downstream
jet shear-layer.
For high velocity ratios (R = 1.71, Fig. 4a), the magnitude of the upstream and downstream
shear-layers are very close. The jet crosses briefly the boundary layer without significant
interaction and quickly leaves the measurement volume by the top. The jet is then in the
“fully detached jet regime”5. For R = 1.39 (Fig. 4b), the upstream shear-layer is shorter than
the downstream one and therefore less intense. For a close-to-one velocity ratio (R = 1.16,
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Fig. 4c), the positive shear between the jet and the crossflow velocities is considerably weaker
on the upstream jet side. It can still be visualized in a ωZ colored transverse plane. On the
opposite, the downstream side keeps a strong shear due to the velocity difference between
the jet velocity and the very low velocity area provided by the covering of the crossflow by
the jet.
a) R=1.71 b) R=1.39 c) R=1.16
d) R=0.90 e) R=0.55 f) R=0.16
FIG. 3. Visualization of the pair of time-averaged counter-rotating streamwise vortices using
isosurfaces of λCI = 1.5 s−1 colored by the longitudinal swirl λCI X for six decreasing velocity
ratios.
For low velocity ratios (R = 0.9 and R = 0.55, Fig. 4d,e), the upstream shear layer
disappears completely while the negative downstream shear layer stays strong. The crossflow
bent over the jet, interacts with the boundary layer and starts forming in the vicinity of the
jet exit a semi-cylindrical vortical structure. It is a vorticity magnitude shell connected with
and embedded into the boundary layer, similar to the one predicted by Gopalan et al. 20 .
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a) R=1.71 b) R=1.39 c) R=1.16
d) R=0.90 e) R=0.55 f) R=0.16
FIG. 4. Time-averaged vorticity magnitude isosurfaces colored by transversal vorticity ωZ . |ω| =
2 s−1 (a, b, c). |ω| = 1.5 s−1 (d, e, f).
For each velocity ratio from R = 1.71 to R = 0.55, a small lowering upstream the jet exit
of the transverse shear ωZ isosurface denotes the existence of the vertical velocity induced
by the horseshoe vortex. This lowering can not be seen anymore for the lowest velocity ratio
(R = 0.16). At this very low velocity ratio, the jet is in an "attached regime" as suggested by
Bidan and Nikitopoulos 5 . The whole jet structure stays embedded in the boundary layer,
forming in the time-averaged field a fully closed vorticity shell5.
B. Instantaneous swirling structures
For the same velocity ratios, Fig. 5 shows the swirling structures of the instantaneous
velocity field using isosurfaces of λCi colored by the longitudinal and transversal swirls,
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respectively λCi X (Fig. 5a,b,c,g,h,i) and λCi Z (Fig. 5d,e,f,j,k,l). It exhibits very different
vortex systems depending on the velocity ratio.
For a high velocity ratio (R = 1.71, Fig. 5a,d), one can see the vortices entanglement
characteristic of the jet in crossflow topology. Figure 6 shows a more detailed view of this
high velocity ratio JICF topology. The symmetry plane is colored in λCi Z . Vortex cores
are colored with the same color that the jet shear layer vortices (LEV and TEV). They
are used to illustrate the entanglement of these vortices outside of the symmetry plane.
At this velocity ratio, the instantaneous observations support the JICF topology of loop
vortices proposed by Lim et al. 30 (cf Fig. 1b) and supported by Marzouk and Ghoniem 32 .
The destabilization of the upstream and downstream shear-layers by the Kelvin-Helmholtz
instability leads to the formation of periodically shed vortex loops located on both sides of
the jet: the shear-layer vortices. The Leading-Edge Vortices (LEV) are located along the
upstream shear-layer while the Trailing-Edge Vortices (TEV) are located on the downstream
side of the jet. The heads of the LEV (λCi Z > 0, in red) and TEV (λCi Z < 0, in blue) are
easily seen with the λCi Z coloring (Fig. 5d). The λCi X coloring shows that the swirling
motions of the arms and legs of the shear-layer vortices (LEV and TEV) are the same than
the swirling motion of the branches of the time-averaged CRVP (Fig. 5a). It shows how the
entanglement and advection of the arms and legs of the instantaneous shear layer vortices
lead to the CRVP when time-averaged17,32. A small instantaneous horseshoe vortex can also
be seen upstream of the jet exit.
Because decreasing the velocity ratio leads to a weakening of the upstream shear-layer,
the shear layer vortices weaken as well. This phenomenon is visible for R = 1.39 (Fig. 5e)
and R = 1.16 (Fig. 5f) where the λCi isosurface exhibits less and less red λCi Z > 0 on the
upstream side.
For R = 0.9 (Fig. 5g and 5j) and for the same isosurface value, no leading-edge vortex
can be seen anymore in the upstream shear layer. The disappearance of the LEVs uncovers
the downstream side and makes the TEVs directly visible. They are still well defined along
the strong lee-side shear-layer.
For lower velocity ratios (R = {1.16, 0.90, 0.55}, Fig. 5c, 5f, 5g, 5h, 5j, 5k), the vortex
organization on the downstream side of the jet follows the topologies observed by Bidan
and Nikitopoulos 5 , Blanchard et al. 6 , with a succession of very well-defined hairpin-shaped
trailing-edge vortices. The trajectory of the TEVs is lowered when the velocity ratio is
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R=1.71 R=1.39 R=1.16
R=0.90 R=0.55 R=0.16
FIG. 5. Visualization of the instantaneous swirling structures using λCI isosurfaces (movies online).
For the six velocity ratios two color maps are used: the upper figure is colored by the longitudinal
swirl λCI X (a,b,c,g,h,i) while the lower figure is colored by the transversal swirl λCI Z (d,e,f,j,k,l).
λCI = 2.5 s−1 (a,b,c). λCI = 1.5 s−1 (d,e,f).
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a)
FIG. 6. Visualization of the symmetry plane colored in λCi Z . Vortex cores show the LEVs and
TEVs arms and legs. R=1.71 case. These vortex cores are defined as streamlines of the [λCi X ,
λCi Y , λCi Z ] field started from λCi Z maxima in the symmetry plane, and each line is colored with
the color of the maximum it is issued from.
decreased. The instantaneous HSV swirling intensity progressively becomes comparable,
then larger than the TEV’s swirling intensity. It illustrates the smooth transition observed
by Bidan and Nikitopoulos 5 from the detached jet regime, where the shear-layer vortices
are preeminent, toward the attached jet regime dominated by the influence of the near wall
vortices.
For R = 0.16, an alley of hairpin-like vortices can still be observed, but the horseshoe
vortex can not be seen anymore, unless it became a part of the hairpin vortices formation
process and can no longer be clearly distinguishable from them. This observation suggests
that a transition occurs at very low velocity ratio toward a flow topology very different from
the classical high velocity ratio JICF flow topology. One can also notice that it does not
correspond to the recent numerical result obtained by Ilak et al. 22 . This important point
will be discussed later.
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IV. EVOLUTION OF THE TIME CUMULATIVE SPATIAL
DISTRIBUTIONS OF INSTANTANEOUS VORTICES FOR 0.15 < R < 2.2
To highlight and clarify the salient features and transitions of the instantaneous velocity
fields, a statistical approach has been adopted. We focused on the time cumulative spatial
distribution of vortices in specific planes of interest: the symmetry plane and the transverse
planes (Fig. 7). One can see on Fig. 1b that the symmetry plane intersects most of the
swirling structures at the exception of the vortices leading to the CRVP in the time-averaged
velocity field. Hence after a brief description of the vortex detection procedure, we focus
on the cumulative distribution of vortices in the symmetry plane and its link with the
instantaneous JICF topology. In the following sub-section, a similar study in the transverse
planes has been conducted to take into account the topological changes associated with the
streamwise-oriented vortices.
A. Vortex subgrid detection
FIG. 7. Reference detection planes.
The first step is to define a rigorous quantitative criterion to automatically search and
identify the main swirling structures present in the successive instantaneous 3D velocity
fields. For each vortex, the position of the peak of the intensity swirl is detected using the
local extremum of the 2D λCi showing the component of rotation in the plane of interest
(λCi Z in the symmetry plane, λCi X in the transversal planes). Starting from the rough
position of each maximum on the interpolation grid, a sub-grid location is determined using
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the swirling intensity of the nodes in the close-neighborhood of each maxima.
B. Evolution of the cumulative distribution of swirling structures in the
symmetry plane for decreasing velocity ratios
To quantitatively study the topology of the instantaneous 3D velocity fields, a statistical
approach has been adopted. On the jet symmetry plane of each instantaneous velocity fields,
the positions of the twenty first positive and negative swirling structures are found using
the local maximum detection algorithm discussed in the previous section. Keeping twenty
maxima for each time step is enough to ensure that all relevant vortical structures of the
symmetry plane have been detected.
Figure 8a shows an example of instantaneous positions of the positive (clockwise) and
negative (anti-clockwise) extrema of the λCi Z field in the symmetry plane of the jet. Figure
8b shows the superposition for 1000 timesteps of all the positions of the detected instanta-
neous positive and negative extrema of the λCi Z field in the symmetry plane of the jet. The
size and coloration of each marker are proportional to its swirling intensity peak to graph-
ically emphasize the stronger vortices. This representation allows for an easy visualization
of the spatial distribution of the main spanwise swirling structures.
Different regions can be distinguished around the jet. With this representation, the jet
trajectory is clearly visible: the convection of the LEVs and TEVs along the upstream and
downstream shear layers forms two clouds of opposite sign on both sides of the jet. The
horseshoe vortex (HSV) forms a small distribution of negative swirling structures located
upstram near the jet exit. Another small cloud of anti-clockwise vortices (λCi Z > 0, in red
in Fig. 8b) can be seen at the base of the jet on the upstream side. Even if this distribution
may seem to be part of the upstream shear layer vortices, it has to be distinguished from the
cloud created by the LEVs. Both clouds are spatially distinct, separated by a region where
the vortices are less intense and where their distribution is less dense. From its spatial
localization at the base of the jet, its anti-clockwise rotation and, above all, its linked
behavior with the HSVs distribution (Fig. 9), this distribution is undoubtedly composed
of Hovering Vortices. This vortex, like the horseshoe vortex, results from the junction flow
between the jet and the crossflow and has already been observed using dye visualization26,27.
This vortex has also been recently observed by Bidan and Nikitopoulos 5 . Because at very
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a)
b)
FIG. 8. a) Positions of the detected instantaneous vortices in the symmetry plane at a given time
step. An online video shows this detection process on a 50 fields time-serie. b) R=2.13. Cumulative
distribution over 1000 time steps of all the positions of the detected instantaneous vortices in the
symmetry plane. An online video shows this cumulative process on the firsts 50 fields. The size
and coloration of each marker are proportional to the swirling intensity peak value of each vortex.
low R, it is located in the jet pipe near the exit, they also called it Inner Vortex.
On the lee-side of the jet, lies a recirculation area characterized by very low velocities.
Beyond this recirculation area, the crossflow finally bypass the jet resulting in a strong
positive shear layer on the downstream side of the recirculation area where Recirculation
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Vortices are created (RcV). Finally, some local weak swirls of the boundary layer can be
seen in the symmetry plane, in the upper part of the boundary layer. Hence, we call them
Boundary Layer Vortices (BLV). We use this cumulative spatial distribution of swirling
structures in the symmetry plane to study the evolution of the JICF topology when the
velocity ratio is decreased from R = 2.13 to R = 0.16 as illustrated on Fig. 9.
For R = 2.13 (Fig. 9a), the swirling strength of the LEVs and TEVs are very close. The
standard flow topology shown in Fig. 1b is recovered. The experiments of Fig. 9b,c,d,e,f,g,h
respectively correspond to the ones presented in Fig. 3(a,b,c,d,e,f), Fig. 4a,b,c,d,e,f and
Fig 5a,b,c,d,e,f.
In the Fig. 9(a,b), the velocity gradients between the jet and the outer flow create strong
upstream and downstream shear layers. Destabilization of the shear layers due to Kelvin-
Helmholtz instability leads to the formation of the loop vortices which are convected along
the shear layers and form the big positive and negative spatial distributions which corre-
sponds to the boundaries of the jet in the symmetry plane.
For 1.5 > R > 1 (Fig. 9(c, d)), while the jet and crossflow velocities become closer on
the upstream side of the jet, the LEVs swirling intensity decreases. In the meantime, the
jet is close enough from the upper part of the boundary layer to strengthen the interaction
between the RcVs and BLVs whose numbers and swirling intensities strongly increase.
For R = 0.9 (Fig. 9(e)), the LEVs cloud has almost disappeared. It starts around X =
20 mm and is composed of a small number of weak vortices, still a few times stronger than
the background noise. In the following, a more quantitative analysis will help analyzing
this evolution. As the jet becomes more and more embedded in the boundary layer, the
confinement of the RcVs against the upper part of the boundary layer decreases their number
and swirling intensity. In the Fig. 9(f,g,h), the LEVs distributions have totally disappeared.
Another remarkable feature of this evolution lies in the horseshoe and hovering vortices
distributions. Both distributions are still made of vortices with strong swirling strengths
even for very low velocity ratio (R = 0.55). Both distributions can still be clearly seen in
the Fig. 9f. The weak dependency of the HSVs swirling intensity with the velocity ratio is
not surprising. Indeed, it has already been observed in the case of a junction flow in front
of a cylindric obstacle3,4: the swirling strength of the horseshoe vortex depends more on
the diameter of the obstacle than on its height. In the present case, the lowering of the jet
trajectory with decreasing velocity ratios matters less than the diameter of the jet nozzle
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a) R=2.13 b) R=1.71
c) R=1.39 d) R=1.16
e) R=0.90 f) R=0.55
g) R=0.34 h) R=0.16
FIG. 9. Cumulative distribution over 1000 time steps of all the positions of the detected instan-
taneous vortices in the symmetry plane for decreasing velocity ratios. The size and coloration of
each marker are proportional to the swirling intensity peak value of each vortex.
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which is constant in the present experiments.
a) b)
FIG. 10. a) Number of horseshoe vortex per instantaneous velocity field NHSV as a function of
the velocity ratio. b) Spatially averaged position of the HSV computed as the center of mass of
the HSV cloud. The particular experiments shown in this article in the Fig. 3, 4, 5, 9, 12, 13, 15
are circled in green square markers. The markers are colored with respect to R to emphasize its
effect on the HSV average position.
Finally, for R = 0.34 and 0.16 (Fig. 9g and 9h), both junction flow (HSV+HoV) clouds
can not be seen anymore. A statistical approach is used to determine more quantitatively
this phenomenon. From the spatial distribution of vortices, one can evaluate the averaged
number of vortices present in each regions at each time steps as a function of R or Sj. For
instance, the averaged number of horseshoe vortices per instantaneous velocity field NHSV
is defined as NHSV = nHSVn , where n = 1000 is the number of instantaneous velocity field
used for a given configuration, and nHSV is the total number of negative vortices detected
in the HSV clouds of the vortices distribution in the symmetry plane (Fig. 9). The same
definition is used for the number of hovering vortices per instantaneous velocity field NHoV .
Figure 10a shows NHSV as a function of the velocity ratio R. Unlike the progressive dis-
appearance of the leading edge vortices, the strong junction flow vortices disappear sharply
without any noticeable weakening of their swirling strength nor diminution of their number.
This sharp disappearance of the HSV cloud is probably related to the limitation of resolution
of the velocimetry technique. Indeed, owing to the lateral positioning of the cameras, the
first 2 mm above the wall are less prone to precisely detect rotational motions due to the way
22
boundaries are handled by the interpolation algorithm. Figure. 10b shows the positions of
the center of mass of the HSV cloud using markers colored with respect to the experiment’s
velocity ratio. The average HSV position gets closer to the wall when R is decreased. For
R < 0.38, the average HSV position lies below Y=2 mm, i.e Y/d=0.25, which explains the
sudden drop in the detection of HSV.
A few strong HoV can be seen in front of the jet exit for R = 0.34 (Fig. 9g). The sparse
visual aspect of this spatial distribution and the actual count of strong vortices in this area
show that these HoV are no longer part of a steady vortex cloud, but rather are intermittent
structures. It is coherent with an intermittent shedding of Hovering Vortex confined in the
jet pipe. In this situation this vortex can be called Inner Vortex.
For R = 0.16 (Fig. 9h), no sign of shedding is observed consistently with the scenario
proposed by Bidan and Nikitopoulos 5 .
C. Evolution of the three-dimensional trajectories of the instantaneous CRVP
in the transverse planes for decreasing velocity ratios
In every cross-sections (YZ planes, cf Fig. 7), the same vortex detection algorithm has
been applied on the λCi X field (longitudinal swirl). First, the main positive and negative
swirling structures are recovered using a classic local maxima detection algorithm. Ten
positive and ten negative swirling structures have been kept for each time step.
Figure 11a shows an example of the cumulative distribution over 1000 time steps of
the positions of the positive and negative λCi X extrema obtained for the R = 1.39 case at
X/d=10. Two approximately elliptical shaped areas have very high concentrations of vortices
with intense longitudinal swirl. The superposition of the time-averaged λCi X field with these
instantaneous λCi X extrema (Fig. 11b) reveals that these counter-rotating distributions
of instantaneous vortex perfectly fits the CRVP position in the time-averaged field. The
trajectories of the CRVP (taken from Cambonie et al. 11) and of the center of mass of the
instantaneous positive and negative vortex clouds are very close in the jet near-field, and
perfectly coincide in the jet far-field. Therefore, these instantaneous streamwise vortices
strongly contribute to the CRVP formation as well as its sustaining.
In Fig. 11a, two other small regions composed of counter-rotating vortices can also be seen
close to the wall. The spatially homogeneous distribution of very weak vortices in the cross-
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a) b)
FIG. 11. a) Positive and negative swirling structures detected in the X/d=10 plane for the R = 1.39
case. b) Superposition of the time-averaged CRVP trajectory with the instantaneous positive and
negative vortex clouds trajectories. Inner window : Superposition of the time-averaged λCi X field
with the instantaneous λCi X extrema in the X/d=10 plane.
section corresponds to a background noise of the λCi X field. The noise distribution have
been used to evaluate the signal-to-noise ratio and to define a filtering criterion.
The small counter-rotating structures close to the wall are neglected to focus on the main
counter-rotating vortices area. Even if it would be more accurate to speak of Counter-
Rotating Vortex Areas, this region will be called in the following "instantaneous CRVP".
Indeed, Fig. 11b shows that the standard time-averaged CRVP position perfectly fits with
these counter rotating vortex clouds and is therefore mostly the result of the time-averaging
of these instantaneous vortices. As a result, we call these instantaneous cloud vortices
"instantaneous CRVP". They can be seen as the spatially-averaged influence of the swirling
of each instantaneous vortices at the origin of the time-averaged CRVP.
The spatial positions of the instantaneous CRVP branches are defined as the "centers of
mass" based on the swirling intensity of the positive and negative distributions (Fig. 11 b).
These positions are retrieved for each longitudinal position (Fig. 7), which allows for the
definition of a 3-dimensional trajectory of the instantaneous CRVP branches.
At high velocity ratio, for the R = 1.71 case, Fig. 12 shows the projection of this trajectory
in the Z/d = 0 plane (side view) and Y/d = 2 plane (top view). For each orientation,
dotted straight lines show the position of the other plane of interest. Dotted part of the
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Side view
Z/d=0
Top view
Y/d=2.5
Velocity Magnitude Vorticity Magnitude
FIG. 12. Side and top views of the instantaneous CRVP for the R = 1.71 case. The background
planes are colored with the velocity magnitude ||V || and the vorticity magnitude ||ω||. Dotted part
of the instantaneous CRVP trajectories are located behind the planes of interest. Straight dotted
lines help locating each plane with respect to each other. The jet exit is sketched on each image.
Its elliptical shape is due to the axes scaling.
instantaneous CRVP trajectories also show which parts are located behind the planes of
interest. For each orientation, two different backgrounds show the vertical velocity field and
the vorticity magnitude field to locate the positions of each branch relative to the jet.
The 3D instantaneous CRVP trajectories are lower than the centerline jet trajectory
(side views) as has already been shown in previous numerical44 or experimental11 studies.
They start approximately at the upstream limit and a few millimeters above the jet exit, a
position which coincides with the arms of the first LEVs generated on the upstream shear
layer. For X/d < 0.5 - 1, they follow the body of the jet. Past this region, they continue
to rise following the main shear layers. Following the curvature of the recirculation area,
they wrap around the very low velocity region until the upper limit of the recirculation area
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where the branches get closer. Then, they detach and move away from each other while the
global structure of the jet continues to expand transversally.
Figure 12 shows how the instantaneous CRVP 3D trajectories follow the jet shear layer
and by-pass the low velocity region confined against the downstream shear-layer.
a) R = 1.71 b) R = 1.16
c) R = 0.55 d) R = 0.16
FIG. 13. Top view of the instantanous CRVP trajectories for different velocity ratios. The jet exit
is sketched on each image. Its elliptical shape is due to the axes scaling.
Figure 13 shows the instantaneous CRVP trajectories for decreasing velocity ratios. For
the cases R={1.71, 1.16, 0.51} (Fig. 13a, b, c), the deviation induced by the low velocity
area can be observed. On the opposite for R = 0.16, the instantaneous CRVP branches tend
to get closer showing no trace of the very low velocity area.
Therefore, the vortices detected in the transverse planes also show a different behavior at
very low velocity ratio, a sign that a topological transition occur. The topological features
of this transition are an evolution of the junction flow vortex properties (disappearance of
the HSV and HoV) and the disappearance of the bypass of the very low velocity region by
the instantaneous CRVP. Since this latter is the direct results of the jet being an obstacle
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for the crossflow, it also means a transition toward a new topology for the JICF.
V. SWEPT-JET TOPOLOGY
In this section, an alternative to the junction flow topology at higher velocity ratios is
discussed for the very low velocity ratios: the swept-jet topology.
A. Experimental observation of the swept-jet flow
As shown in the previous section, for the very low velocity ratios, the jet momentum
is no longer strong enough to provide a steady obstacle to the cross-flow. At low velocity
ratios, the experimental and numerical studies of Andreopoulos and Rodi 1 and Muppidi and
Mahesh 35 show a modification of the jet exit velocity due to the penetration of crossflow
fluid inside the jet pipe as sketched in the Fig. 14a.
FIG. 14. a) JICF vortices in the symmetry plane at low velocity ratios and modification of the
velocity profile in the jet pipe. b) R > 0.35 Inner vortex free to shed. c) R < 0.35 Blockage of the
inner vortex in the pipe.
The formation of the HSV progressively occurs closer to the wall and to the jet exit
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(Fig. 14b). Owing to the linear trend observed in Figure 10b, we can deduce that for the
experiments 1, 7 and 8 whose velocity ratio is lower than R = 0.35, the HSV even forms
above the jet exit (−0.5 < XHSV ). For these very low velocity ratios, the HSV partially
blocks the jet exit and confines the hovering vortex (HoV) inside the jet pipe (Fig. 14b). For
R=0.34 (Fig. 9g), the competition between the jet momentum and the crossflow momentum
is balanced enough for the blockage of the HoV by the HSV not to be perfect and for a few
shedding events of the HoV to occur. For R=0.16 (Fig. 9h), this is no longer the case.
At the same time, the hairpin’s generation mechanism has changed. As can be seen in
Fig. 13d, it is no longer supported by the steady lateral shear-layers and the by pass of the
very low velocity region. Indeed, the jet no longer is a steady obstacle for the crossflow.
In Fig. 15, time-series snapshots show the vertical velocity in the symmetry plane, in the
jet exit neighborhood. Thick isolines of λCi Z show the vortex positions and a fine isoline
of vertical velocity V = 2 mm.s−1 show the onset of the jet vertical velocity. A triangular
marker follows the location of this isoline at the wall.
Figure 15a, b, c, d show the flow evolution for the R = 0.34 case, above the transition.
The vertical velocity isolines starts near X/d = 0, in the middle of the jet exit, illustrating
the fact that the velocity profile is deformed by the crossflow velocity. Ineed, for a symmetric
profile this isoline would begin near X/d = -0.5. Only a small oscillation of this position is
perceptible around X/d = 0 (see Fig. 15(a, b)).
Figure 15e, f, g, h show the flow evolution for the R = 0.16 case, past the swept-jet
transition. A significant difference lays in the dynamic of the vertical velocity isoline. In
Fig. 15e, f the iso-surface is completely disconnected from the jet exit. This absence of
vertical velocity above the jet exit does not necessarily mean a total obstruction of the
orifice by the crossflow. Indeed, if the obstruction is partial but important, i.e letting out
only a thin stream of fluid, this stream would be bent inside the jet pipe and would not
show any significant vertical velocity component. The jet momentum is then completely
reoriented in the crossflow direction even before the jet fluid leaves the jet exit. This has an
important effect on the hairpin’s vertical trajectory. They no longer are convected away by
the jet exit. They only rise due to their own auto-induction and stay in the vicinity of the
wall, embedded in the boundary layer. As a result, the swept jet matches a situation where
the jet is attached to the wall.
In Fig. 15g the isoline seems to progressively reconnect with the jet exit region. Finally,
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a) e)
b) f)
c) g)
d) h)
R=0.34 R=0.16
FIG. 15. Time-series with ∆t ≈ 7.1 · 10−2 s between each snapshot, for the cases R = 0.34 (a, b,
c, d); R = 0.16 (e, f, g, h). Each image displays the vertical velocity in the symmetry plane, thick
black isolines of λCi Z = {0.5, 1, 2} s−1 and a thin black isoline of vertical velocity V = 2 mm.s−1.
in Fig. 15h the shape of the isoline matches the ones of a junction flow configuration, like
the ones for R = 0.34. At the same time, the formation of another hairpin is observed.
This observation is consistent with a two steps scenario where the jet is regularly swept
by the crossflow. Figure 15e,f correspond to the obstruction phase, Fig. 15h to the ejection
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phase, and Fig. 15g to a transient step. In the first step, the jet is swept by the crossflow. It
results in an important obstruction of the pipe orifice by the crossflow fluid. In the second
step, an ejection phase occurs triggered by the overpressure created inside the pipe during
the first phase: it allows for the jet momentum to be momentarily strong enough to push
back the crossflow fluid. This ejection phase leads to the formation of another hairpin vortex.
FIG. 16. Visualization of vortex cores for the same instantaneous velocity field as Fig. 5f
(R = 0.16), colored with λCi X . These vortex lines are defined as streamlines of the [λCi X ,
λCi Y , λCi Z ] field started from λCi Z maxima in the symmetry plane as in Fig. 6.
The instantaneous 3D swirling structures corresponding to R = 0.16 are visualized in
Fig. 16 using λCi vortex lines to define the vortex cores. The vortex cores are colored using
the λCi X to show the longitudinal swirl. As previously stated for Fig. 5f, an alley of hairpin
vortices is very well visualized.
Using the vortex cores instead of the isosurfaces allows the visualization of more subtle
characteristics. Indeed, one can clearly see that one pinched hairpin vortex with strong legs
is followed by a vortex with more distant legs and weaker swirling intensity. It suggests
a different origin for the vortex formation on each phase. A tentative explanation can
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be proposed to explain this observation. During the partial obstruction phase, the jet
velocity is lowered as well as the velocity gradients leading to the vortex formation. The
resulting hairpin should then be less intense, with weaker legs. On the other hand, during
the ejection phase, the jet velocity VJ increases leading to another hairpin with a greater
swirling intensity. Due to the higher jet velocity, the hairpin’s head is convected higher by
the jet velocity which stretches and pinches the hairpin, bringing its legs closer. Another
explanation may lies in the interaction between the hairpin’s legs and wall side vortices.
Indeed, 2 types of secondary side vortices with opposite streamwise vorticity have been
found in the jet wake5. Depending on their swirling orientation, the induction between
the hairpin leg and the side vortices tends to alternatively separate or bring together the
hairpin’s legs. Both explanation scenario are non-exclusive
B. Discussion about the transition scenario of the JICF at low velocity ratio
proposed by Ilak et al. 22
The JICF topology observed in the present experiments at very low velocity ratios has
to be compared with another transition scenario proposed recently by Ilak et al. 22 using
direct numerical simulations. Fig. 17a sums up this scenario. It focuses on the apparition
of different type of instabilities and on their influence on the stability of the JICF. For the
higher velocity ratios (R > 0.8), their scenario compares well with ours.
At high R (R > 2.5), the jet is very unstable and turbulent. The shear layer vortices (LEVs
and TEVs) very quickly break down into smaller vortical structures. Due to the presence of
an antisymmetric elliptic instability of the counter-rotating vortex pair (for R > 2.25) and
of a tornado looking type of instability near the wall, they qualify the flow as asymmetric.
Below R = 2.25 the flow is said symmetric. Of course such symmetry is only achievable
numerically, and a slight asymmetry has been sometimes observed in our experiments as
well as in several other experimental and numerical studies23,29,32,47,49.
Below R = 2.25, the flow evolves then from a complex and a complicated quasi-periodic
behavior of the classical JICF topology with both LEVs and TEVs (1.2 . R . 2), toward the
deformed classical JICF topology with the progressive disappearance of LEVs (0.8 . R . 1).
On the other hand, for the lower velocity ratios they observe a periodic vortex shedding
which reaches a limit cycle of a Hopf bifurcation at R = 0.675. Below this value, for R = 0.65,
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their simulation exhibit a steady flow with a swirling structure composed of two counter-
rotating branches very similar to a steady CRVP (Fig. 17b). The first bifurcation occuring
at R = 0.675, and the observed shedding of hairpin vortices is related to the existence of a
local absolute instability connected to the region of reversed flow immediately downstream
of the jet.
a)
b) c)
FIG. 17. a) Overview of the results of Ilak et al. 22 . b) λ2 isosurface showing the steady state
observed for R = 0.65 (from Ilak et al. 22). c) Flow topology in the symmetry plane and parabolic
velocity profile as imposed by Ilak et al. 22 . The constant velocity profile used as the boundary
condition of the direct numerical simulation is responsible of the transition toward a stable JICF
state.
No steady state could be observed in our experiments, even for the very low velocity
ratios. This difference can be explained by some approximations and hypothesis made in
this numerical study. Indeed, the key point lie in the choice of the boundary conditions
used for the simulations. The jet inflow velocity profile they used is a Dirichlet boundary
condition whose form corresponds to a constant laminar parabolic velocity profile (Fig. 17c).
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With such a boundary condition, it is impossible to recover properly the jet physics at low
R. Indeed, the strong interactions between the pipe flow and the crossflow fluid leading
to a strong deformation of the jet velocity profile at the pipe outlet can not be recovered.
The authors are fully aware of this limitation as they acknowledge this fact, stating that
"While at low values of R some backflow into the jet pipe is to be expected under realistic
conditions, it was demonstrated by Schlatter et al. (2010)45 that most of the relevant physics
is still captured by the simulations, especially far away from the jet orifice (such as the
CRVP). One feature that our simulations can not reproduce is the flow separation inside
the pipe, which may play a significant role at low R. However, the qualitative similarity of
our results to those of Ziefle (2007)[...] indicates that even in the regime considered here the
characteristic dynamics is reproduced. "
Our results show that this assumption is false because the back-flow into the jet pipe
cannot be overlooked, especially at very low velocity ratios. In this case, the main features
and structures of the JICF as well as their dynamics are no longer located in the far field.
For the high R cases, a parabolic profile can be considered as a good approximation of the jet
velocity profile at the jet exit which explains that their simulations match the experiments.
On the contrary, for the low R cases, the numerical simulations have to take into account the
interaction between the jet and the crossflow inside the pipe, as demonstrated by Muppidi
and Mahesh 35,36,37 , Ziefle and Kleiser 51 . Forcing a parabolic velocity profile at low R forces
the flow onto a junction flow configuration with a blockage of the crossflow by the jet leading
to the formation of a horseshoe vortex (Fig. 17b) and the existence of a reverse flow region
behind the jet (Fig. 17c). These experiments proves that it is in reality no longer the case
and no steady state exists in the very low velocity ratio limit.
C. Discussion on the transition scenario of the JICF at low velocity ratio
transition proposed by Bidan and Nikitopoulos 5
The recent study of Bidan and Nikitopoulos 5 , using both numerical simulations and
experiments at very low velocity ratio, proposes a very interesting interpretation of the
JICF topology consistent with our experiments. Figure 18 sums up their scenario. Rather
than the more classic velocity ratio, their main parameter is the jet to cross-flow mass-flux
ratio or Blowing Ratio BR = ρjVj/ρ∞U∞ which in their case equals the velocity ratio R since
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ρj/ρ∞ = 1. It is worth noticing than Bidan and Nikitopoulos 5 adopt a different approach
than Ilak et al. 22 , even if some descriptions of the JICF are very similar from both studies.
While the scenario of Ilak et al. 22 clearly adopts the point of view of the stability theory, the
scenario of Bidan and Nikitopoulos 5 is more clearly influenced by a film cooling approach,
a community well-aware of the very low velocity ratio problematic and where an important
distinction has to be made between an attached jet and a detached jet.
To summarize their work, we think relevant to distinguish three different states for the
JICF: attached, transitional or fully detached jet. In the "attached regime" the jet develops
and stays embedded in the boundary layer with which it deeply interacts (Fig. 3f, 4f and
9h). In the "transitional regime", the jet still keeps a strong interaction with the boundary
layer (Fig. 3d,e, 4d,e and 9f,g). As shown by the Fig. 4 and has already been noted by
Gopalan et al. 20 , the jet forms then a shell of shear layer which merges with the boundary
layer. In the "fully-detached jet regime", the interaction between the jet and the boundary
layer is limited to the near-field of the jet exit, when the jet punctures the boundary layer
(Fig. 4a,b and 9a,b).
FIG. 18. Overview of the results of Bidan and Nikitopoulos 5
In their study, the attached jet is observed at very low velocity ratio for R < 0.275
when the jet momentum is way weaker than the crossflow momentum. For Bidan and
Nikitopoulos 5 , the characteristic vortical structures are the HorseShoe Vortex (HSV), the
Hovering Vortex (HoV) also called Inner Vortex, the Hairpin shear-layer Vortices (HpV), the
inversed Hairpin Vortices (iHpV) and the quasi-streamwise secondary side vortices whose
interaction forms X-shaped structures. The fully detached jet corresponds to the JICF
topology at higher velocity ratio when the jet momentum is high enough to rapidly move
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away from the wall boundary layer.
The transition between the attached jet regime and the transitional regime is marked by
the HSV and HoV behaviour. For R < 0.225, a stable HSV is observed. It is stuck over
the upstream part of the jet exit resulting in a pressure cap which blocks a part of the jet
fluid and leads to the formation of a stable HoV inside the jet pipe. For 0.225 < R < 0.275,
the HSV starts to oscillate under the influence of the HoV and sporadically sheds. For
0.275 < R < 0.6, the HSV as well as the HoV periodically shed. The fully detached-jet
regime occurs for R > 0.6 when the pressure gradient in front of the jet fluid column stabi-
lizes the HSV and stops its shedding. In-between, around R ≈ 0.425 a transition is found
by wavelet analysis in the competition between the vortical structures. For R < 0.425, the
HSV and side-vortices are respectively preeminent above the hovering vortex and the hairpin
vortices while for R > 0.425, the hovering vortex grows stronger as well as the shear-layer
vortices.
This scenario summarized on Fig. 18 is in most part consistent with our experiments.
In Fig. 9, the distribution of vortices in the symmetry plane complies with the scenario of
Bidan and Nikitopoulos 5 . For R < 0.275 (R = 0.16 and 0.18), a flat and attached-to-the-
wall distribution of vortices corresponding to the hairpin’s head is observed (Fig. 9h and
Fig. 15e,f,g,h) while the jet starts to lift up for R=0.34 (Fig. 9g and Fig. 15a,b,c,d). We
also observe a disparition of the inner vortex in the jet pipe, with an intermittent shedding
for R=0.34 (Fig. 9g), while the inner vortex is completely blocked inside the jet pipe for
R = 0.16. Most vortical structures associated to the attached and transitional regimes are
also observed in our experiments: hairpin vortices, horseshoe vortices are systematically
present. Due to our velocity field resolution, the smaller structures are more difficult to
detect. Nevertheless, some instantaneous fields show vortices looking like inversed Hairpin
Vortices and secondary side vortices. The influence of the latter can be seen in Fig. 16 where
it leads to the bi-periodicity of the spacing between the legs of the hairpins. Indeed, 2 types
of secondary side vortices with opposite streamwise vorticity have been found. Depending
on their swirling orientation, the induction between the hairpin leg and the side vortices
tends to separate or bring together the hairpin’s legs.
The fully detached jet regime starts when the jet momentum allows for the HSV to stay
blocked at the base of the jet. It is indeed an indubitable marker of the jet straightening,
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and as it will be discussed later it indeed can be seen as a transition value for the JICF
topology. Nevertheless, it clearly is not enough to speak of a “fully” detached jet, with the
classical JICF topology of the high velocity ratios. Main features of a fully detached jet
regime should include a limited interaction between the jet and the boundary-layer as well
as a similar swirling intensities between the upstream and downstream shear-layer vortices
(LEV and TEV). According to the vortices distributions of Fig. 9, the fully detached jet
regime transition occurs between 1.16 < R < 1.39.
D. Swept-jet transition parameter and topological transition scenario of the
JICF at low velocity ratios
As shown before, the spatial distribution of the vortices in the symmetry plane is a good
way to evaluate the state of the flow. At very low R, the disappearance of the hovering
vortex in the jet pipe without shedding can be directly related to the triggering of the
swept-jet state where the jet is attached to the wall. It can therefore be used to detect
the transition. Since this transition results from the competition between the jet and the
crossflow momenta, a more relevant transition parameter is introduced: SJ = R(d/δ). It
depends on the physical parameter of the problem: the velocity ratio R, the diameter of the
jet d and the boundary layer thickness δ. Indeed, a greater velocity ratio or diameter should
both increase the jet momentum and should therefore delay the swept-jet transition.
The vortex count nLEV applied to the LEV’s distribution along the curvi-linear abscissa
S of the upstream shear layer trajectory (3 < S/d < 8) in the symmetry plane is used to
compute NLEV = nLEV /n (n=1000).
Fig. 19a shows NLEV as a function of the velocity ratio. One should first notice that
for the LEV the relevant parameter is no longer Sj but R. For the high velocity ratio cases
(R > 1.25), NLEV regularly increases which results from the more frequent destabilization
of the upstream shear layer when the velocity ratio is increased. At least 2 to 4 LEVs are
present on each instantaneous velocity field. For 0.55 < R < 1.25, the upstream shear-layer
weakening strongly decreases the number of produced leading-edge vortices. It allows for a
less intuitive definition of the high velocity ratios and of the fully detached jet state, as the
intersection of the linear tendencies associated with both regime. This value is consistent
with the one obtained with the boundary-layer vortex distribution.
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One can see that there is also a clear transition for the LEV: for R < 0.55, less than 0.2
vortex can be found per time steps and mostly corresponds to sporadic events or unfiltered
noise vortical structures. The LEVs appears forR > 0.6 with a growing number of occurrence
when increasing the velocity ratio. Another related phenomenon occurs near this critical
R = 0.55 value: the end of the HSV shedding5. For R > 0.6, the HSV stay blocked at the
base of the jet. The jet is then detached enough for the LEVs to grow on the unperturbed
upstream shear layer.
a) b)
FIG. 19. a) Number of Leading-Edge Vortex by instantaneous velocity field between S/d = 3 and
S/d = 8 NHSV with respect to the velocity ratio R, where S/d is the curvi-linear abscissa along the
upstream shear layer trajectory non-dimensionalized by the jet exit diameter. b) LEV’s Strouhal
numbers as a function of the velocity ratio R. The particular experiments shown in this article in
the Fig. 3, 4, 5, 9, 12, 13, 15 are marked with green square markers.
The LEVs growth has also been characterized by their Strouhal number. This latter has
been computed as follow. Firstly, the LEV distribution is used to measure the spatial period-
icity of the LEVs along the curvi-linear abscissa S. For each time-step, the distance between
two consecutive LEVs is measured, non-dimensionalized by the jet exit diameter and asso-
ciated with the position S along the curvi-linear abscissa of the first LEV. Cumulating this
information over 1000 time-steps, the time-averaged distance λLEV between two consecutive
LEVs is retrieved for each curvi-linear position S. Each LEV has also been tracked between
consecutive time-steps allowing for an estimation of its individual transport velocity, which
is then associated with the mean position S along the curvi-linear abscissa of this structure
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between the two time-steps. Cumulating this information over 1000 time-steps, it becomes
possible to define the mean transport velocity VLEV along the curvilinear abscissa. The
mean transport velocity VLEV along the curvilinear abscissa S and the mean distance λLEV
between two consecutive LEVs along this abscissa are used to precisely retrieve the frequency
between consecutive LEVs along S. The Strouhal number of leading-edge vortices StLEV is
then defined as:
StLEV =
d
VJ
∫ S/d=8
S/d=3
VLEV (S/d) · λLEV (S/d)dS
d
Figure 19b shows the LEV Strouhal number StLEV of each configuration as a function
of the velocity ratio. For the velocity ratios R > 0.8 where the definition of a spatial peri-
odicity is relevant (Fig. 19a), a mean Strouhal value can be estimated, StLEV = 0.337 with
a standard deviation σStLEV = 0.039. This result is in good agreement with the Strouhal
number at high velocity ratios found in the numerical study of Ilak et al. 22 .
Figure 20 summarizes the global transition scenario of the JICF topology as a function of
the SJ and as a function of R based on our experiments. Both variables are close but different.
Most of the variations of SJ in our experiments are due to the velocity ratio variation, but
by definition SJ takes into account the diameter and boundary layer thickness influences
and is therefore best suited to describe the swept jet topological transition from a detached
to an attached-to-the-wall state, and all phenomena occurring at very low velocity ratio. On
the other hand, the progressive LEVs weakening is only governed by the velocity ratio and
does not depend on the diameter and the boundary layer thickness. Figure. 20 also includes
all the latest valid results of the litterature5 to provide the most complete scenario possible
of the JICF topological transition for velocity ratios R < 2. They observe transitions of the
JICF topology at R values very close from our results. To simplify this overview, we adopt
here rounded transition values :
• R ≈ 0.3 for the swept jet transition.
• R ≈ 0.6 for the detached JICF transition characterized the stabilization of the HSV
position and the formation of LEV on the upstream shear-layer.
• R ≈ 1.25 for the fully detached JICF which corresponds to the beginning of the
classical topology associated with the high velocity ratios.
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FIG. 20. Evolution of the low velocity ratio JICF topology as a function of SJ and R illustrated by
the spatial distributions of swirling structures in the symmetry plane. Each vertical bar corresponds
to an experiments of table I. Like in table I, the particular experiments shown in this article are
located using green bars. The swept JICF transition (in red) occurs in the interval SJ = [0.14 0.20].
The low R results of Bidan and Nikitopoulos 5 emphasizes the consistency of their observations
with ours.
VI. CONCLUSION
For the first-time, a thorough experimental study of low-velocity ratio round jet in cross-
flow has been presented. Volumetric velocimetry measurements were used to characterize the
main 3D swirling structures present in both the instantaneous and time-averaged velocity
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fields. A qualitative analysis was first proposed using visualizations of the swirling structures
through λCi isosurfaces for increasing velocity ratios. To go further and deeper into the
analysis, a statistical analysis of the time-series of instantaneous 3D velocity fields was
introduced. Using statistical occurrence of the main swirling structures, it was possible to
identify the main transitions of the flow in the low velocity ratio regime. As a result, a
global evolution scenario of the round JICF topology has been proposed.
For R > 1.25 (approximately SJ & 1), the classical JICF topology for the high velocity
ratios is recovered (Fig. 1). The jet is fully detached and the interactions with the boundary
layers are negligible. The jet velocity is large enough with respect to the crossflow velocity
to form upstream and downstream shear-layer (respectively LEV and TEV) of similar shear
intensity (respectively swirling intensity). The jet shortly crosses the boundary layer without
significant interactions with this latter. The resulting interaction with the boundary layer
is weak.Below R = 1.25, the velocity ratios can be considered as low.
For 0.6 < R . 1.25, a progressive deformation of this classical topology occurs while
R is decreased. In this regime, the jet is still partially detached. The jet trajectory is
progressively bent, which results in a stronger interaction with the boundary layer. In the
meantime, the progressive weakening, and followed by disappearance of the upstream shear
layer leads to a similar dynamic of the LEVs. The lower jet trajectory increases the inter-
action between the jet and the boundary layer, between the Recirculation Vortices (RcV)
and the upper Boundary Layer transverse Vortices (BLV) whose both swirling intensities
significantly increase.
For 0.3 < R < 0.6, even if the JICF still follows a junction flow topology, the LEV
distribution has totally disappeared. The jet is barely detached and strongly interacts with
the boundary layer with which it forms a vorticity shell. The crossflow momentum becomes
strong enough to push back the jet, and the crossflow starts invading the jet pipe. The
horseshoe vortex advances above the jet exit. The hivering/inner vortex is progressively
pushed back in the jet pipe by the HSV.
Finally below R < 0.3, a topological transition occurs. The jet momentum is not strong
enough to sustain a steady obstacle for the crossflow and the JICF is periodically by the
crossflow. As a result, this new flow topology is called swept-jet topology. It is made of
alternating phases of obstruction and ejection. Each phase may lead to a vortex formation
whose characteristics depends on the phase. This double periodicity is observed on the
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instantaneous velocity fields, with pinched hairpin vortices with strong legs followed by
hairpin vortices with more distant legs and weaker swirling intensity.
This evolution scenario has been confronted with two recent transition scenarios. The one
proposed by Ilak et al. 22 was proven to be wrong especially for the very low velocity ratios.
The present study proves the necessity to take into account the interactions of the crossflow
fluid with the jet pipe for the low velocity ratio JICF simulations. In these cases, the pipe
flow has to be simulated with great care using at least a 10 diameters long pipe35 in order
to get physically relevant jet inflow velocity profile at the jet exit. In particular, a parabolic
velocity profile has to be excluded since it forces the JICF onto a junction flow configuration
which no longer exists. On the opposite, the transition scenario proposed by Bidan and
Nikitopoulos 5 is consistent with our experiments. They observe three different states for
the JICF: attached, transitional and fully detached jet and obtain the same transition value
of R for each regime. A global sketch including all the latest valid results of the literature
(Fig. 20) provides an up-to-date complete overview of the transition scenario of the JICF
topology for velocity ratios R < 2. This transition scenario is expressed as a function of
R and as a function of the SJ , a transition parameter we think best suited to describe the
phenomena occurring at very low velocity ratio.
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